Proliferative enteritis, swine dysentery, and porcine salmonellosis are the most common enteric bacterial diseases affecting pigs in the growing and finishing stages of production. Currently, diagnoses of these diseases by standard cultural techniques of intestinal specimens can be laborious, time consuming, and expensive (swine dysentery, porcine salmonellosis) or impossible (proliferative enteritis). Amplification by polymerase chain reaction (PCR) of DNA sequences specific for each bacterial agent is a highly sensitive and specific method that overcomes the limitations associated with standard detection methods. A multiplex PCR (M-PCR) assay was developed for simultaneous detection and identification of the etiologic agents associated with proliferative enteritis, swine dysentery, and porcine salmonellosis in a single reaction using total DNA obtained directly from intestinal specimens. Purified DNA obtained from pure cultures of each bacterial agent alone or mixed in different combinations and concentrations and total DNA from intestinal specimens were amplified using the Lawsonia intracellularis-, Serpulina hyodysenteriae-, and salmonellae-specific M-PCR assay. Intestinal specimens consisted of feces and mucosal scrapings obtained from field cases of each disease alone or in combinations and feces obtained from pigs challenged with S. hyodysenteriae. The banding pattern of the amplified PCR products, after agarose gel electrophoresis and staining, indicated the presence of individual or combinations of etiologic agents in each specimen. Results from this study indicated that simultaneous amplification of L. intracellularis-, S. hyodysenteriae-, and salmonellae-specific DNA sequences by M-PCR can be used for specific detection and identification of three major enteric bacterial pathogens associated with proliferative enteritis, swine dysentery, and porcine salmonellosis occurring alone or in combinations. Also, the M-PCR assay can be done using DNA obtained directly from intestinal specimens submitted for diagnostic investigation.
. Primers for multiplex PCR amplification of specific DNA sequences of Lawsonia intracellularis, Serpulina hyodysenteriae, and salmonellae associated with proliferative enteritis, swine dysentery, and salmonellosis, respectively.
is not culturable with standard culture techniques. 13 The limitations of available laboratory diagnostic procedures for PE, SD, and PS necessitate the development of practical and scientifically sound technologies that can be adapted to current capabilities of veterinary diagnostic laboratories.
Amplification of specific DNA sequences by multiplex PCR (M-PCR) is a highly sensitive and specific method that overcomes many of the limitations associated with currently available approaches for detection of infectious agents. 14, 20 Recently, DNA sequences unique to each of the bacterial agents associated with SD, PS, and PE were independently identified, and DNA analysis techniques have been shown to be more sensitive than standard culture techniques for S. hyodysen teriae 7 and salmonellae 21 and more sensitive than histopathologic examination for L. intracellularis. 11 This report applies this information to the development of an M-PCR assay for simultaneous detection of the etiologic agents associated with PE, SD, and PS. The M-PCR assay allowed detection and identification of single or combinations of bacterial etiologic agents in a single reaction with DNA obtained directly from intestinal specimens submitted for diagnostic investigation. The M-PCR assay for PE, SD, and PS can reduce the time, labor, and expenses associated with searching for each agent individually using standard techniques.
Materials and methods
Bacterial strains, growth conditions, and DNA isolation. Serpulina hyodysenteriae strain B204 serotype 2 was grown to late logarithmic phase in prereduced anaerobically sterilized trypticase soy broth without dextrose but supplemented with 0.5% (wt/vol) glucose, a 0.05% (wt/vol) cysteine hydrochloride monohydrate, a 1.0% (wt/vol) yeast extract, b 2% (vol/vol) bovine fetal serum, c 0.2% (wt/vol) sodium bicarbonate, and 5.0% (vol/vol) sterile porcine fecal extract. 12 Broth cultures of S. hyodysenteriae were stirred constantly at 37 C in a 10% hydrogen, 10% carbon dioxide, and 80% nitrogen atmosphere and used for intragastric inoculation of pigs 3 and for genomic DNA isolation. 7 Salmonellae. includ-ing Salmonella typhimurium and S. choleraesuis, were grown aerobically in Luria-Bertani broth, and the genomic DNA was isolated as previously described. 7 Purified DNA from L. intracellularis was isolated from organisms grown in cell culture as previously described. 11 Total DNA was obtained from intestinal specimens, using a previously described method. 11 Intestinal specimens. Intestinal specimens consisting of feces and mucosal scrapings were obtained from field cases submitted to the Veterinary Diagnostic Laboratories, University of Nebraska-Lincoln, and the University of Minnesota, St. Paul, from pigs at livestock auction markets in southeastern Nebraska, and from pigs inoculated with S. hyodysenteriae. 3 Culture and identification of S. hyodysenteriae and salmonellae from intestinal specimens and histopathologic examinations of tissue specimens were done using standard techniques. 4,5 Suspected salmonellae were examined for agglutination, using polyvalent O antiserum and serogroup B-and C1 -specific antisera. d Isolates of salmonellae were serotyped at the National Veterinary Service Laboratory, Ames, Iowa.
Primers and M-PCR protocol. The primers for specific amplification of L. intracellularis, S. hyodysenteriae, and salmonellae by M-PCR assay are presented in Table 1 . With the exception of the S. hyodysenteriae positive-sense primer, in which the last three terminal bases were omitted from the original description, 7 all other primers were as previously described. 11, 21 The primers were synthesized commercially e and used for multiplex amplification of purified DNA obtained from L. intracellularis, S. hyodysenteriae, and Salmonella typhimurium alone or in combinations and amplification of total DNA obtained from intestinal specimens. The DNA was amplified by PCR, as described by the manufacturer, f in a total volume of 75 µl containing 4 mM MgCL 2 , 1 x PCR buffer, 0.2 mM of each dATP, dCTP, dGTP, dTTP, f 75 pmol of each primer, and 1.5 U of Taq DNA polymerase f in autoclaved, filtered (0.2 µm) water. Initial denaturing was for 3 min at 94 C followed by 35 cycles of 30 sec at 60 C, 90 sec at 72 C, and 30 sec at 94 C. The amplified products were electrophoresed in 2% agarose g at 3 V/cm and visualized by staining with ethidium bromide. To determine the effect of various numbers of each bacterium on the sensitivity and specificity of the M-PCR assay, purified DNA from L. intracellularis, Serpulina hyodysenteriae, and Salmonella typhimurium were mixed in various amounts to simulate low numbers, equivalent to approximately 10 4 , of 1 species with phoresis. The sensitivity, specificity, accuracy, and predictive value of positive and negative M-PCR assay results were compared with standard culture of mucosal scrapings and histopathologic examination of tissues. 19 The same determinations were made for feces, but because animals were not euthanized for confirmation of PE by histopathologic examination, the validity of a negative M-PCR assay result for L. intracelldaris could not be determined.
Results
M-PCR amplification of purified DNA from Serpulina hyodysenteriae, Salmonella typhimurium, and L. intracellularis alone or in combinations yielded products corresponding to the expected molecular weight of DNA from each species: 1,550-bp, 457-bp, 457-bp PCR products suggestive of salmonellae DNA by M-PCR analysis of 1 fecal specimen that did not contain salmonellae by standard culture was examined by hybridization of the M-PCR products with an oligonucleotide probe internal to the Salmonella invA gene sequence, as previously described. 21 The specificity of the 457-bp PCR products for salmonellae was confirmed on the basis of a positive hybridization signal with the Salmonella-specific internal oligonucleotide probe (Fig. 2) . The sensitivity, specificity, accuracy, and positive and negative predictive values of the M-PCR assay results compared with the results of standard culture of mucosal scrapings for Serpulina hyodysenteriae and salmonellae and of histopathologic examination of tissues for PE were 100%. With feces, the sensitivity, specificity, accuracy, and positive and negative predictive values of the M-PCR assay results compared with the results of standard culture for S. hyodysenteriae and salmonellae were 100%, 98.2%, 98.5%, 92.3%, and 100%, respectively. Specific amplification products were not detected by M-PCR assay of total DNA obtained from intestinal specimens of swine that were free of S. hyodysenteriae or salmonellae by standard culture or by histopathologic changes indicative of PE or in the absence of template DNA. Nonspecific amplification products were not detected by M-PCR assay of purified DNA from L. intracellularis, Serpulina hyodysenteriae, and Salmonella typhimurium or of total DNA obtained from intestinal specimens.
Discussion
Representative isolates of L. intracellularis, Serpulina hyodysenteriae, and salmonellae yielded specific amplification products after M-PCR assay of purified DNA, confirming previous reports with individual PCR assays. 7, 11, 21 Amplification of a specific 457-bp product with Salmonella typhimurium, S. choleraesuis, S. derby, S. brandenburg, and S. cubana by M-PCR assay is in agreement with results of a previous study indicating conservation of the invE and invA genes in these salmonellae. 21 The M-PCR products obtained using purifted DNA from L. intracellularis, Serpulina hyodysenteriae, and Salmonella typhimurium and using total DNA from intestinal specimens corresponded to the predicted molecular weight of the DNA fragments from each species. Nonspecific amplification products were not detected with untargeted bacterial DNA normally present in porcine feces. With the exception of a fecal specimen that yielded salmonellae-specific amplification products by M-PCR but was negative by standard culture, there was a 100% agreement of the M-PCR assay results with standard culture of intestinal specimens containing either Serpulina hyodysenteriae or salmonellae and with histopathologic changes consistent with PE.
Antemortem detection of L. intracellularis in animals with PE is of particular significance because the organism is an obligate intracellular bacterium and is not culturable using standard bacteriologic culture techniques. 13 Previously, the disease could only be diagnosed reliably by histopathologic demonstration of intestinal crypt epithelial cell hyperplasia associated with intraepithelial argyrophilic curve-shaped bacteria. 17 Although a fluorescent antibody test (FAT) for detection of L. intracellularis in fecal smears using a specific mouse monoclonal antibody is available, this method is not highly sensitive, and currently it is used only in certain laboratories. 17 The sensitivity of the S. hyodysenteriae-specific PCR assay has not been compared with direct detection of S. hyodysenteriae in feces by either an FAT 10, 23, 24 or a capture enzyme-linked immunosorbent assay that uses a mouse monoclonal antibody reacting with a 16-kD outer membrane lipoprotein antigen. 18 However, the 16-kD antigen-based detection method might not be specific for S. hyodysenteriae. 22 Nevertheless, direct PCR amplification of L. intracellularis-, S. hyodysenteriae-, and salmonellae-specific DNA sequences using total DNA obtained from intestinal specimens is more sensitive than current diagnostic laboratory techniques for each enteric disease, 7,11,21 and PCR reagents are easily accessible and relatively simple to standardize. Moreover, with nucleic acid-based assays, detection of bacterial agents is not affected by viability of the bacteria. Bacterial viability is always a concern with culture procedures because antimicrobial residues in intestinal specimens can adversely affect the recovery of viable bacteria. One fecal specimen that did not contain salmonellae by standard culture did contain Salmonella DNA, as indicated by M-PCR analysis. The M-PCR assay and bacteriologic culture of the fecal specimen were repeated twice and yielded the same results. This specimen, which was submitted along with 4 other fecal specimens (1 other specimen was positive for Salmonella DNA by M-PCR assay and yielded S. cubana by standard culture), was from a 10-week-old pig with a history of diarrhea and medication with carbadox in the feed at a concentration of 50 g/ton. Either nonculturable salmonellae or free Salmonella DNA probably was detected in this specimen by the M-PCR assay. Alternatively, the M-PCR assay could be more sensitive than standard culture for detection of salmonellae, or this could have been a false-positive result. Hybridization of the 457-bp PCR product suggestive of Salmonella DNA by M-PCR analysis with an oligonucleotide probe internal to the Salmonella invA gene sequence confirmed the specificity of the M-PCR for Salmonella DNA. Thus, the M-PCR probably detected unculturable salmonellae in that 1 sample.
Several nucleic acid detection procedures are adaptable to current capabilities of veterinary diagnostic laboratories. By combining detection of 3 bacterial agents into a single amplification, a multiagent diagnostic panel can provide a practical and cost-effective method for rapid detection of bacterial pathogens associated with major enteric diseases of swine. Introduction of the M-PCR technology into the regimen of veterinary diagnostic laboratories can provide results equivalent or superior to those of standard diagnostic methods. Additionally, the M-PCR assay may be adaptable to screening of intestinal specimens prior to routine bacteriologic culture. Focusing only on presumptive M-PCR-positive intestinal specimens for bacteriologic culture of Serpulina hyodysenteriae and salmonellae would reduce the time, labor, and expenses associated with nonspecific culturing of large numbers of intestinal specimens submitted for diagnostic investigation. Bacteriologic culture would then be limited to certain representative specimens to be used for further serotyping and antimicrobial susceptibility testing.
The use of the M-PCR technique for simultaneous detection and identification of 3 major enteric bacterial pathogens is applicable to screening for 1 or more of these bacteria in intestinal specimens obtained from bacterial pathogens of swine 285 individuals or groups of pigs. An M-PCR-based system would be appropriate for surveillance testing of commercial confinement-rearing swine operations. Prevention of these enteric diseases would be possible by testing of replacement stock during quarantine, prior to introduction into herds free of these bacteria. The M-PCR assay may be applicable to on-farm culling programs, where the disease(s) are endemic. Such programs would rely on test and removal combined with strategic medication with specific antimicrobials. Screening of representative numbers of pigs on farms in endemic areas could help reduce transmission of L. intracellularis, S. hyodysenteriae, and salmonellae between farms and could form the basis of routine surveillance programs such as the proposed Hazard Anaiysis Critical Control Point Systems. 1,2
